A gene drive biases the transmission of a particular allele of a gene such that it is inherited at a greater frequency than by random assortment. Recently, a highly efficient gene drive was developed in insects, which leverages the sequence-targeted DNA cleavage activity of CRISPR/Cas9 and endogenous homology directed repair mechanisms to convert heterozygous genotypes to homozygosity. If implemented in laboratory rodents, this powerful system would enable the rapid assembly of genotypes that involve multiple genes (e.g., to model multigenic human diseases). Such complex genetic models are currently precluded by time, cost, and a requirement for a large number of animals to obtain a few individuals of the desired genotype. However, the efficiency of a CRISPR/Cas9 gene drive system in mammals has not yet been determined. Here, we utilize an active genetic "CopyCat" element embedded in the mouse Tyrosinase gene to detect genotype conversions after Cas9 activity in the embryo and in the germline. Although Cas9 efficiently induces double strand DNA breaks in the early embryo and is therefore highly mutagenic, these breaks are not resolved by homology directed repair. However, when Cas9 expression is limited to the developing female germline, resulting double strand breaks are resolved by homology directed repair that copies the CopyCat allele from the donor to the receiver chromosome and leads to its super-Mendelian inheritance. These results demonstrate that the CRISPR/Cas9 gene drive mechanism can be implemented to simplify complex genetic crosses in laboratory mice and also contribute valuable data to the ongoing debate about applications to combat invasive rodent populations in island communities.
chromosome. The cost, time, and animal requirements are therefore prohibitive for certain complex genotypes that might model multigenic human diseases, permit assembly of multiple optogenetic elements to study nervous system function, or recapitulate the phenotypes of evolutionarily divergent species using laboratory mice.
Recently, CRISPR/Cas9-mediated gene drive systems were developed in insects [1] [2] [3] , which could surmount the obstacles to assembling complex genotypes in laboratory rodents by increasing the frequency of inheritance of desired alleles. These gene drives utilized selfpropagating elements, which we refer to broadly as "active genetic elements", that can carry transgenes or delete and replace sequences with orthologous sequences from other species 4 . Critically, an active genetic element includes a guide RNA (gRNA) and is inserted into the genome at the precise location that is targeted for cleavage by the encoded gRNA. In a heterozygous animal that also expresses the Cas9 nuclease, the gRNA targets cleavage of the wild type homologous chromosome. Homologous sequences that flank the active genetic element then serve to resolve the double strand break by homology directed repair, which copies the active genetic element and converts the heterozygous genotype to homozygosity.
Despite the high efficiency observed in insects, the feasibility of CRISPR/Cas9-mediated active genetics has not yet been demonstrated in mammals. Divergence over 790 million years since the last common ancestor presents two potential obstacles to implementation in rodents: the efficiency of double strand break (DSB) formation using genetically encoded Cas9 and gRNA and/or the prevalence of homology directed repair may preclude efficient genotype conversion. Here, we report the feasibility of active genetics in laboratory mice.
Although homology directed repair (HDR) of CRISPR/Cas9 induced DSBs does occur in vitro and in vivo in mammalian cells and embryos, usually from a plasmid or single stranded DNA template, non-homologous end joining (NHEJ) is the predominant mechanism of DSB repair in somatic cells 5, 6 . NHEJ frequently generates small insertions or deletions, known as "indels", that make CRISPR/Cas9 an effective means of mutating specific sites in the genome. However, the competing pathway of homologous chromosome-templated HDR also has been shown to repair CRISPR/Cas9 induced DSBs in early mouse and human zygotes 7, 8 . These observations raised the possibility that super-Mendelian inheritance of active genetic elements might also be achieved in mice.
To test this hypothesis, we designed a "CopyCat" element that differs from the selfpropagating element used initially in insects in that it encodes a gRNA but does not encode the Cas9 protein, an arrangement that was also previously implemented in Drosophila 9 . We designed our strategy to disrupt the Tyrosinase gene (Tyr) because of the albino phenotype of homozygous loss-of-function animals 10 and to make use of a previously characterized Tyr gRNA with high activity 11 . Figure 1a illustrates the insertion of this element precisely into the gRNA cut site in exon 4 of Tyr to obtain the Tyr CopyCat knock-in allele ( Fig. 1a , Extended Data Fig. 1, 2 , and Methods). Briefly, the Tyr gRNA is transcribed from a constitutive human RNA polymerase III U6 promoter 12 . On the reverse strand of DNA, to avoid possible transcriptional conflict, mCherry is ubiquitously expressed from the human cytomegalovirus early immediate promoter and enhancer (CMV) 13 . Since the 2.8 kb insert disrupts the Tyr open reading frame, Tyr CopyCat is a functionally null allele that is propagated by Mendelian inheritance in absence of Cas9. Crossing mice that carry the Tyr CopyCat element to transgenic mice that produce Cas9 allows us to test whether it is possible to observe super-Mendelian inheritance of the Tyr CopyCat allele (Fig. 1b ). For this analysis, we took advantage of existing tools that provide spatial and temporal control of Cas9 expression and assessed eight different genetic strategies that vary CRISPR/Cas9 activity in the early embryo and in the male and female germlines. We employed two "constitutive" Cas9 transgenic lines, Rosa26-Cas9 14 and H11-Cas9 15 , that reportedly express Cas9 in all tissues that have been assessed. Each knock-in allele is driven by a ubiquitous promoter and is placed in the respective Rosa26 16 or H11 17 "safe harbor" locus, which are thought to be accessible to the transcriptional machinery in all cells and thereby permit ubiquitous transgene expression. In order to track inheritance of the chromosome that is targeted for genotype conversion, we bred the Chinchilla allele of Tyrosinase (Tyr Ch ) 18, 19 into each Cas9 transgenic line to place a tightly linked genetic marker on the receiver chromosome. Tyr Ch encodes a hypomorphic point mutation in exon 5, and homozygotes or heterozygotes complemented with a null allele have a grey coat color 18, 19 . The G to A single nucleotide polymorphism can also be scored with certainty by PCR and DNA sequencing (Extended Data Fig. 4 ). Fig. 1e ). However, we did not observe any grey Tyr CopyCat/Ch ; Cas9+ mice in the F2 offspring of either cross. Instead, 94% of Rosa26-Cas9; Tyr CopyCat/Ch mice were entirely white (17 white: 1 mosaic). In the case of H11-Cas9; Tyr CopyCat/Ch mice, 87.5% of the F2 progeny were a mosaic mixture of grey and white fur (21 mosaic: 3 white) ( Fig. 1e, f and Supplementary Table 4 ). These results illustrate the highly efficient action of the Tyr gRNA, as well as a qualitative difference in the efficiency and/or timing of Cas9 activity driven by the Rosa26-Cas9 versus the H11-Cas9 transgenes.
Our next goal was to determine what type of repair events (NHEJ mutations or gene conversions by inter-homologue HDR) were transmitted to the next generation. In the absence of gene conversion, the expectation is that the Tyr CopyCat allele would be transmitted by Mendelian inheritance to 50% of the progeny of an outcross. In such cases, effectively none of the Tyr Chmarked receiver chromosomes would be predicted to carry the Tyr CopyCat allele due to ultra-tight linkage of Tyr exons 4 and 5, which are separated by only ~9 kb. In order to assess inheritance in a large number of offspring, we crossed each F2 male Rosa26-Cas9; Tyr CopyCat/Ch and H11-Cas9; Tyr CopyCat/Ch mouse to multiple albino CD-1 females (Tyr Null ), which carry a loss-offunction point mutation in Tyr exon 1 10, 19 (Fig. 1d ). We then genotyped F3 offspring of this test cross by PCR and DNA sequencing to identify offspring that inherited the Tyr Ch -marked receiver chromosome.
In absence of a second null mutation induced in exon 4 of the Tyr Ch -marked receiver chromosome, Tyr Ch/Null animals should appear grey due to partial activity of the hypomorphic Tyr Ch allele. However, all F3 offspring of the Rosa26-Cas9 lineage and 89.7% of F3 offspring of the H11-Cas9 lineage were white, indicating the transmission of a CRISPR/Cas9 induced lossof-function mutation on the receiver chromosome. The high frequency of mutation of the receiver chromosome in F3 offspring is consistent with the primarily albino coat color of the F2 parents ( Fig. 1d , e, and f and Supplementary Table 4 and 5). If the induced null alleles resulted from inter-homologue HDR to copy the Tyr CopyCat allele from the donor to the Tyr Ch -marked receiver chromosome, these white animals should also express the fluorescent mCherry marker. In these experiments, however, none of the F3 offspring that inherited the receiver chromosome in either the Rosa26-or H11-Cas9 lineages expressed mCherry. Confirming the lack of mCherry expression, PCR amplification of Tyr exon 4 revealed NHEJ-induced indels in white progeny ( Fig. 1d and Extended Data Fig. 5 and 6 ).
The different propensities to yield full albino versus mosaic coat color patterns in the Rosa26-Cas9 and H11-Cas9 lineages were also paralleled by differences in the number of unique NHEJ mutations we identified on receiver chromosomes in individuals of each genotype. Sequenced PCR products from Rosa26-Cas9; Tyr CopyCat F2 tails (somatic tissues comprised of both ectodermal and mesodermal derivatives) and from individual F3 outcross offspring (representing the germline) routinely exhibited only two unique NHEJ mutations (Extended Data Fig. 6 ) suggesting that many of these Cas9 induced mutations were generated in 2-4 cell stage embryos. In contrast, H11-Cas9; Tyr CopyCat F2 tails and F3 offspring harbored several different NHEJ mutations, which suggests that Cas9 is active at later embryonic stages and/or at lower levels in this lineage (Extended Data Fig. 6 ).
The formation of indels in the early embryo provides an efficient method to generate mutations in a given gene with a low level of mosaicism to produce predictable whole organism phenotypes. Since such mutations are generated with high efficiency using Rosa26-Cas9 transgenic mice, it should be possible to design an active genetic element encoding several gRNAs that target multiple genes simultaneously to evaluate the consequence of combinatorial gene knock-outs in a simple heritable system. These results are also relevant to recent reports showing that early zygotic CRISPR/Cas9 induced DSBs are repaired by inter-homologue HDR in mouse and human embryos 7, 8 . We hypothesize that CRISPR/Cas9 activity and/or gRNA expression might be initiated too late in our genetic strategy to engage meiotic HDR mechanisms that were proposed to persist into the early zygote. The presence of so few unique NHEJ mutations in the Rosa26-Cas9 lineage, however, suggests that zygotic inter-homologue HDR is transiently limited to a window of time very near fertilization.
We considered two reasons for the absence of Tyr CopyCat copying to the receiver chromosome in the early embryo. The first possibility is that homologous chromosomes are not aligned to allow for efficient strand invasion that is necessary for inter-homologue HDR to repair DSBs. Alternatively, the DNA repair machinery that is active in somatic cells typically favors NHEJ over HDR, which would generate indels that obliterate the gRNA cut site in the early embryo. A possible solution to overcome these two potential obstacles is to restrict CRISPR/Cas9 activity to meiosis during development of the germline. One purpose of sexual reproduction is to "shuffle the deck" by recombining the maternal and paternal genomes at each generation. Meiotic recombination is initiated by the intentional formation of DSBs that are repaired by exchange of DNA sequence information between homologous chromosomes that are physically paired during Meiosis I 20 . Indeed, the molecular mechanisms of NHEJ are repressed during meiosis in many species, including mice 21 , likely because activity of the NHEJ pathway in the germline would be highly mutagenic 22 .
In order to test the hypothesis that Cas9 activity during meiotic recombination will convert a heterozygous active genetic element to homozygosity, we designed a crossing scheme to introduce the first expression of Cas9 in the presence of the Tyr CopyCat allele during germline development. Since there currently are no available transgenic mice that express Cas9 under direct control of a germline-specific promoter, we combined conditional Rosa26-or H11-LSL-Cas9 transgenes, each with a Lox-Stop-Lox preceding the Cas9 translation start site 14, 15 , with available Vasa-Cre or Stra8-Cre germline transgenic mice. Vasa-Cre is expressed later than the endogenous Vasa transcript in both male and female germ cells 23 while Stra8-Cre expression is limited to the male germline and is initiated in early stage spermatogonia 24 . Although oogonia and spermatogonia are pre-meiotic, and spermatogonia are in fact mitotic, we reasoned that Cre protein must first accumulate to recombine the conditional Cas9 allele for subsequent Cas9 protein expression and activity. The time delay may require initiation of Cre expression prior to the onset of meiosis so that Cas9-induced DSBs can be resolved by inter-homologue HDR prior to segregation of homologous chromosomes at the end of Meiosis I. We generated each combination of these Cre and conditional Cas9 lines in case the timing or levels of Cas9 expression are critical variables in these crosses. We also assessed males and females of the Vasa strategies in case there are sex-dependent differences in animals that inherit the same genotype.
Males heterozygous for Tyr CopyCat and the Vasa-Cre transgene were crossed to females homozygous for both the Tyr Ch allele and one of the two conditional Cas9 transgenes ( Fig. 2a ). We reasoned that in the reverse cross (i.e., using female Vasa-Cre mice), Cre protein that is maternally deposited in the egg might prematurely induce recombination of the conditional Cas9 allele 23 . Early embryonic Cas9 expression would have led to somatic mutagenesis similar to that observed in the experiments above using constitutive Cas9 transgenes. Introducing the Vasa-Cre transgene by inheritance from the male resulted in most offspring that were entirely grey, due to the Tyr CopyCat/Ch genotype, and a few mosaic animals (Supplementary Table 6 ). The presence of any mosaicism suggests that even this approach for conditional germline restricted Cas9 expression resulted in some degree of leakiness in somatic tissues.
We first tested whether expression of CRISPR/Cas9 in the female germline could promote copying of the Tyr CopyCat element onto the receiver chromosome by crossing female mice of each Vasa-Cre lineage to CD-1 (Tyr Null ) males. In each cross, we identified offspring that inherited the Tyr Ch -marked chromosome. As in the cross to assess the effects of embryonic Cas9 expression above, we expected Tyr Ch/Null mice without a second loss-of-function mutation in exon 4 of the receiver chromosome would be grey. Mice with a CRISPR/Cas9 induced NHEJ mutation in exon 4 would be expected to appear white. Mice with a CRISPR/Cas9 induced mutation that was repaired by inter-homologue HDR should also be white but additionally fluoresce red due to transmission of the mCherry-marked Tyr CopyCat active genetic element (Fig.  2b) . Figure 2b summarizes the results of these crosses that demonstrate genotype conversion upon Cas9 expression in the female germline. In contrast with constitutive embryonic expression of Cas9, we observed that the Tyr CopyCat transgene was copied to the Tyr Ch -marked receiver chromosome in both Vasa-Cre; Rosa26-LSL-Cas9 and Vasa-Cre;H11-LSL-Cas9 lineages. However, the observed efficiency differed between genotypes; three out of five females of the Vasa-Cre;Rosa26-LSL-Cas9 lineage and all five of five females of the Vasa-Cre;H11-LSL-Cas9 lineage transmitted a Tyr Ch -marked chromosome containing a Tyr CopyCat insertion to at least one offspring. Although there was considerable variation among females with the same genotype, the highest efficiency of genotype conversion within a germline produced 11 out of 14 Tyr Ch offspring (78.6%) with a Tyr CopyCat insertion in the Vasa-Cre;H11-LSL-Cas9 lineage ( Fig. 2b and Supplementary Table 7 ). These data demonstrate transmission of the Tyr CopyCat element that was copied onto the Tyr Ch -marked chromosome, an event with a very low probability (4.7x10 -5 ) by natural recombination mechanisms due to tight linkage between the Tyr CopyCat and Tyr Ch alleles. Furthermore, although it seems likely that inter-homologue HDR of Cas9-induced DSBs utilizes the same DNA repair machinery that is active during meiotic recombination, these copying events cannot be explained by an increased incidence of chromosomal crossover, since all of the animals that inherited the donor chromosome that was not marked with Tyr Ch also expressed mCherry ( Supplementary Table 7 ). In contrast, copying of the Tyr CopyCat element was not observed in any crosses where conditional Cas9 expression was induced by Vasa-Cre in males. Consistent with this finding, Tyr CopyCat was also not copied to the Tyr Ch -marked receiver chromosome in the male germline of Stra8-Cre lineages ( Fig. 2b and Supplementary Table 7 ).
These results reveal that active genetic elements can be copied to the homologous chromosome when Cas9 expression is restricted to the female germline, but these same strategies were unsuccessful in males. In mammals, spermatogonia continually undergo mitosis throughout the life of the male to produce new primary spermatocytes 25 . It is therefore possible that DSBs formed using the Cre-dependent strategies in males were repaired by NHEJ in mitotic spermatogonia, and the cut site was mutated prior to the onset of meiosis. In contrast, oogonia directly enlarge without further mitosis to form all of the primary oocytes 26 . These arrest during embryogenesis, prior to the first meiotic division, and oocyte maturation and meiosis continues after puberty. The higher efficiency of inter-homologue HDR in females of the H11-LSL-Cas9 conditional strategy may reflect lower or delayed Cas9 expression from the H11 locus compared to Rosa26, also evident from a comparison of coat colors in the constitutive crosses. Thus, in the Vasa-Cre;H11-LSL-Cas9 mice, Cas9 activity may have been fortuitously delayed even further to fall within an optimal window during female meiosis. The observed difference in the efficiency of inter-homologue HDR between females and males and even among females therefore likely indicates a requirement for the precise timing of CRISPR/Cas9 activity; NHEJ indels might reflect DSB repair that occurred prior to alignment of homologous chromosomes during Meiosis I or after their segregation (Fig. 3 ).
Our results comparing eight different genetic strategies indicate that precise timing of Cas9 activity may be more critical in rodents than in insects in order to leverage the endogenous meiotic recombination machinery for highly efficient gene drive. It therefore appears that both the optimism and concern that gene drives may soon be used to reduce invasive rodent populations in the wild is likely premature. These data are an important contribution to that ongoing discussion and to the prospects for further optimization. Nevertheless, while currently inadequate for gene drive implementation in the wild, the efficiency we demonstrate here is more than sufficient for laboratory applications and represents a significant advance in this arena. For example, the average copying rate of 45% using the most efficient genetic strategy (Vasa-Cre;H11-LSL-Cas9) could be used to combine even ultra-tightly linked loci such that approximately 23% of all offspring would inherit a chromosome with both alleles, an impossibility by Mendelian inheritance. This average copying rate also increases the probability of inheritance of a single desired allele from 50% to 73%. The highest rate of genotype conversion we observed (79%) would result in a 90% frequency of transmitting a desired allele. Such high transmission frequencies that both bypass the onerous constraint of genetic linkage and that increase the probability of obtaining animals homozygous for multiple genes should greatly accelerate the production of complex mammalian genotypes. Although there is opportunity to further improve the efficiency in the female and male germline, our results demonstrate a substantial advance that decreases the cost, time, and animal requirements for complex mammalian genetics. 
